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THERMAL CALCUL.ATiON OF A THREMOGENERATOR AT CHANCING

*TEMPERATURES ALONýG T HERMOCON TACT SUMR CACE3

G. A. Var-shavskiy, T. A. Fezgol'

(Moscow)

Tile art ic le f'rrds expreýssionis for), the output po~wer of effliciency

of' a ther~moel ectric genierator arid temperratur~e distributioni along the

heat carrier under the-. cond itien that operatures of the thermocori-

tac t surfaces vary due to the cool ,:lj .rnd heating of the heat car-

rilers. Simple approximatio)n c-alcuia- ori formulas are given for tuhe

particular cases examinied.

Inr c o nnte t ion w i Th s u c cessesfý 2< sýemiconuctJor technology, there

aswidespread use ot throlct onverters for obtaininrg elec-

trical ena~rgy arid for cooling purposesv_. The thermiotechnic2al calco-

* lar in arid nvest~Ationi of th.. ca.-c atlori (.f thec converesaeuul

Ivdone tby meanis of elemenitary shaetiJcal auialysis proposed by A. F.-:

loffe ani h-is time II1].and refined somewh)at later by A. 1. Bursbteyn

21and accepted Ain all theý wor'ld litevature 13-5-1.

The estahl-ished methods- of calculationi make it poýssible to deter'-

no: i e the eýff ic hanrey of these dev ices aridJ f'.ind the, optimalI conid iti~onls--

of ti, ir oeaonat conc-tanat, tamperatures ofI hot arid cold so)ldjerinlg

Th is s iriip I i f icat iari , be-.inrg sceheme plIan , c an be J ust 1 i f ied by two cola-

s-iderati uris of a practical niature.. Thie first refiec us the technlical

s rIde_ of' the ques~tion , since models o)f thermoelectric generators ( TEG)

created at the ini tial stage of' develIopmjenit of this branich of' tech-

*nlugl()y, func-tionjed at pr-actically conlst~ant temperatures oif hot anld a

cold jurectiorns. The~se arc, for example, the thievýnnoelectri e ge.nera-

t or n r a he-'oscýnc I amp F 1- 3 1, the, t hermogeniera t-or o f a p para ti s

SNAP- I i wt h an i so tpi ahat source F1,d Iffin renio sol arThnroc-

era torsF7 1 and so oni. The second eircurmstIanceI 12. corrlcted With

tieý Fact thait the1rmnoel ctri c paramneters. of the substnega]y
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dcpend on temperature, and a detailed account of thijs dependence for

variable temperature limits leads to expression which cannot be in-.

vestigared analytically to the end.

The striving to increase the power of the power installations

inevitably led to the creation of a two-circuit sce•nei of the thermo-

gen~eratur 191 where the transporting of the heat is produced by heatl

carrtcrs, the temperature of which considerably varies as a result of

the heat transfer from a hot liquid to a cold one along the channel

of the heat carrier. With the thorough hear-engineering cal culation

of such apparatuses, the dependence of thermoelectric characteristics

of the materials on temperature must be considered. "

Hoiwever, in the preliminary analysis of the operat-,on of the 9
Ohermogernerator, it. is expedient to determine its output parameters

without taking into account the effect of' variable temperatures of

the solder ings on thermoelectric properties of the substances but

conisideriing the chanige iri Lemperatures of heat carriers along the
thernrloct~o.act surf'aces. .- '

This work is devoted to the firnding of analytical booids, which

make it possiblc to make the calculation of the thermogenerator at .

changing (as a result of heat transfer) temperatures of the solder-

i ings. The obtained expressions car, be useful in the preliminary de-

termination of the optimal parameters of the generators (maximal

power' and efficiency, minimal weight, etc. ) and an anialys is of pro- A.
cesses of regulation. K .

Giver' at the end of the article are certain recommerndations

according to o nal ys is of the TEll operation, taking into account

the depe-rd,_ice i thermoelectric properties of materials onr tempera-1,-

to re

Calculatiori of characteristics of the thermoelectric genrerator.

Let us examine the TEG operation ini the two-eir'cuit scheme k. ag. 1). q

The hot heat carrier 1, which circulates in the first circuit, feeds

hekat tI.l ough tlhe "t.hermoceontact. npacet" 2 to tht hot. juricltons sol-
de' rngLs] 1o' the thermol eumcrits . Part of' ti.is heat is converted into"

*eluctrical criergy, arid th I remaiirUng heat. is dr'awn off from the cold
* jiliwti 01.3 of- utuJ t}J+lerrnrulerllerlt~S thrIIough] thuL ''1. h.rmuonirtact packet" .-

"(D I'it C( Ic
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trisogrertori,. -ludes a grea7. number of singl e theer-oel emelits,

which are cornnect-ed electricaliy to each )rther in series or hin aral-

2 ci, djepeniding on the required output parameters of' tile TFG. Tile

basic dimerný,iorrs of the therrnoe] emetits, heighit h arid cross sections,

Sarid Sri of t~ii( branchies, are idenitical for, the whole thermogeiierator.

In thle course o-f .he aiisilysis we will use the average value:, of -

the charaicteristics for the positive anid negative brariches, of the

t-herinoelc-nvict (symbols are gi v,:r at the enid of the artic e)

2

L-e t us t a ke thIle following simplifying assurrpt- ns;I
* 1) the electrophysical character'.1stios p , averaged over

the or), rat inrg terrper-ature- raigre, arc ideit ica I -r a I the ther me-

* demeritLS;

2) thle average currenit denisity jis constaiL f'r any cros .c

3) the thermal1 re s ist'a rces k.r arid kx> of thle I~t 1--rmo7 owt ac t

packets" are identical Lot all the thermoelen. an ,c(rres-

ponid Prig temperature drops ai e proportionial to thý thErrnlI fi w! -.

2F us a - 1 e d ot c rsdrt( f ec f h h iio

e s u' ,(sua [ th3e wpe do n c os c therm effj' ,auaet of e the T opmson

atI rig tem~per~ature rarige,) ,anid we assumei 1týat, the- Joule heat l ibcrated

in the the rmed 1 erient s t ian spLcr-ttd equal 1 y to the hot a rid Cold



.in this case, for the "hot" arid "cold" thermecontact surfaces

of the generator selected along the channel] of heat carriers of ele-

menus dF (Pig. 2), we obta-in correspondingly the following relations:

6, d , - ( rd Tr -, -lF

%: - .... . (1,. - t.,) - J ,t. -- j,/,,t J0 j it

"(70-, ± Gz c4T1 , ()-

s - (;1 C~dT[ - - il

,.,
(t 1. l. h

The solution to these equations makes it possible to find the

uemperature distribution along the thermoceritact surfaces of the genj-- I
erator, the fed arid rc.ntiuved qerntities of heat, electrical power,,

efficieney, arid so on.. ]
II

C-.

Fig. 2.
H--'- arid further,. when there,-: is a dual sig j ( ± or 7r ), the

uppc si. r'efers to the case of cocurrent flow ar:d the lower, sign,-

. o t"~ ,ra•e of counitercurryeht £1 ow.

04
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Let, us introduce the dimensionless parameters

/,1 " ."(2)

bb

Equations (1) in this case takc the following i form:

- -_t - , =- U I ii).'--Y '--- Iit Y

(3) ' )I,

quatiuxs of' the fir-st or-der

Ix

[1- 1 --| 1-j , t ').I d (!" -]p h1' - !/,4"

-) .. [ -I -/- .

(1 a ) i. ,, ( I - r )a (1 -ja? Ur )t 2 (. .. .,

The soiutio'i to this equation for, the ease f the eocurrentt flow

huas the for e' o

F X~mne (q it~~ f.it:n

il +

(- ,)> ,tr, u (- t ,,) Z1 ,-,,(j (44 --> :.

+ -
2 -h (..J.

2F

l { [n' l ((t-Ij ) '.• q' '

2ý

x -* * 4q t "



wher-e

LI I -2 1It -

I te~exres insquaiiltitiezs A* arid B*are initegr-al.ion in
staits, which ar-e deter~minied fr~om boundary coniditions.

Inr the des~gn of thermogenierators, fr~om our, point of view, as

the bournda-ry coridit ionis it is most rationial to acce(pt the determining

values of the maximal arid miriinimal temperatures in the appar~atuis.

Thus when m= 0 we will have x 2 zTr anid y. 11qzT .Henice,

IIfv

The heat Q, fed to the gtenerator and the hecat Qx r-emoved f rom

-0 ~theý genierator-, ecuil, r~espectively, to

*ar'e deter~mined by mleais of exprecssionis

W-e ft i i t'he u sefulI clIectir e al power of the gerieratuir F=,-

ef ,fe Ow theiienyrator 'q (~- 1  arid average Value of'

ri no u voI t a~ i2, r, ,Ie err ed tou a si ngle uherýYmoe lein ei i t, 1n thVie foL -rmj

* 1I4U1* - 111(
0

30 U2

-11 _0__0_(9
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3ri Solving the SysueM of equabicns (4) for- the case of the Cut- I--

tercurreni- flow, we ge-.

I 4, ~m N),~ + ii)2)

x + + AI~ ch~ I -

-4 B ------ s~ exp I-
'½ 0t) JL0w

y + (1 +a A14Sh f

F(Tt +4 (F.2) X4m 1 [-q),)'
+ h +i [- Ci) 91 _

0 C C 
I

We detc-rrr.ire the iriteg-'at ion coristarit~s f rom bourndarv conid itIio)s ,

- - 3c T. I-. . ,,1 i rlri2 I n 't r I the appa-

Ph s leLAds to T \1 A r T, p~ x whent -10 and !h "i 7',rT wlvehr n-I 1

Quantitiies A arid B3 have the f1ollowing values:

- - ShS-

- 4- - s12

(I) 24~ (s



Sub3l.i1iut irig (12 intilo ( ,ai d us inrg rel ati ori3 (6) and (6a),

we get

A .1( Frin) ; I- 2) 1/'

4 1 (14 a) lJ13)

(Ii +- sh -

Aqi f -2) F4 2n (q +I- q~),,) U

>1 exci-- - III el
COq~ (0--rn) - (1

riTo de te rir-m the tli f ed anid v'emoved q uantiti e s o f heat Q and Q
e electr i caI power- P , eff ic iency ancd aver-age value of' the output

v( I volage U , referried to) a sinigle tUhermoelemenutit, we obt~airn the folloICw-

______ 7 - 1 -0 J-/w

(0, 0') lj, (U: 0'),( )

zU lx(0, 03) 111li (03 01

H(, r e



(0 -4 Y)2 +i' (( (1,-f2 xb

0) 2

+ 4'. ~~~X11,2  q I-f) >

it is; easy to~ fzhow thatl th e 1 r Iiltlrig Tai-tsi j ,ion~ to the-j ease o-f

constant te~rtrs Un ech of t-he two the.r'rncurlcmtac t sur fac es (
*arid theabene of t-hcr~rria r`es istaice% of theO "Llhcrmucortact. packet1s"

4*-/ ~ la ukniown fro(m 1 i te-at~une i -? for- output

pLrltuS of TLEG.

Couniar-- ýson of' offic leriy of she' cucutn'lent flo)w sard oteu-

*ren f] o )W. h~eiu us make a chprstwith) idenitical x macarid

anid i deriti cal value~s of i c atI idiert ical temper-atur~es or' the

h Cat Co -a t, tilt, iniput. to the TEC anid dident~ical cui-,-rret den~si-

L w u expanild '11w UAlIcsiJrl for- quiriats 01, f49 p( P

till ~ n soi e-s accourd i~j 1)1 to wei-s oA' the p)Oarali- te(A

* ((1)

(1 (I .2''



I Xkq 1  -i2[ (4,. + q] +L~ "-1- 2 2 -4 (1

Us5ing e1rsin 6) for- det~ermining the ai ffel-rece,- in, power

arid effi ci ericy (with cotrreruflow arid cocurreit. flow), ¶We get

J~,jIJ (I)-(U -011)1- 1(03- 03*) 10 )

117)

(1:' -j] (110j3)0

ThUS thU Mode- of theL- co(-untercu.-r-ret flow pr~ovides higE.her values

o" tht. outj-ut, powe!i anid eff icienicy Of' the TEG thani does the Mode of

Cund i it ois of' ani oieri C iPU it.u When =0 we- have2

Th(- a vciag elf, of t-heý. Ilgl e theimu(.el elielitu is deter-minied fro um ex-

0 (1? (_

1 the CAe F f a:L 0 Weg.

*I U
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Examol]e of calculation of TEG parameters. For the simplest c-se,-3e

G c =GxCx arid k =kx (i.e., a:O arid b=O), the calculatior of output

paramaters of the TEG when x 1i, y;, 0.5, % =O-0.5 was couiducted;
0.'=O arid p=O.. Results of the calculation are given on Figs. 3 arid

4. It is found that the volt-ampere characteristic of the TEG

i•/u-•- A) is close to a straight line, and the characteristic of

the power, zh1'/xlF" h(1,) is close to a quadratic parabola. Analysis

of these relations shows that the output parameters of the TEG (for

the case of" NrCO xcx and krrkx) can be approximated by simple irela-

tions having the same form as those known in literature [1-31

T* 1

""x(; - .2."-.

I~I -4 ?-± t 21) I i X---V I 41.1 i (21

1- X j 2 11

-Iii, =--- -. . . . .-

2 m,..de of maximal power of the 'G }Ihere corresponds to values

* it u,,p(TI'x -- 7 R1)
U, T( irZ - T1 .1), Iu,,r 2 - -(- 22)

arid fuor the.. rmod, of maxi-mal T}21f i c I c y ']"
I ,,p (T,.1 - T ")A 0  au,i, (Tr,'•k -- 5rIa)

(M0 1 1),i I)ph'

" T )

' ' ' i I I i I i ' "1 ' II "1 "i i~t" "
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It /shol be2 rite !,a th xpeson baie ore- ult

ofb th aiKaae.r fteTG a e ue . ovn te
prtles i's" exril\! orci tayXL foin o te\E wt

ofjit.eil sould belrioted atlC. The uexpressio ts obtained forcalcuaIon

ofvcr aouwthe ai par cuarteoer o fasei cdsgf the TEG cnbusdfroligi oter

rolems, ccrac aceaple, for an aralyigsjoluoertions of the uclEGu with '

theear~ly micr knownefficirencyai of thedischarge o het sin the secondg th

Cerntaýlo ira 'carnmridatros on' thes anpealysis o ar opratio lyo thenTE

byne takseing of itoj- calcuatio theatmprtu dependenrce of' therolcicpprte

of' mac(ýteria pon empraur.c ofthe usteril of rsltsao the analsisea

riven' abov 0with calculation of can spvcifd daresig of diidn theTGgieA
theriaccuracyr acceted fovra senginering woltion in rlth? small (uf atrel

atively small0 temrpe-rature chanrgc, of h thermocoritact surfaces alonidh

chrnlofhat C~arriers Ifur tahesectionispeausvarauy gratlysof thenl

teasneof' thehu calcrion of'J hat temnipe-rsaturhe depdecerjtf. of' the

thermoeluectricn propenr' ies fhe aeral can le(,uýc a h onadrt consdideirale.1r
crir' i ' 't he ca l cuu I atio on e car (avo beid lrig ed arro rs b dv d irgthe

theuoerr~or it~ svealsecios it areatv~y mal ofth



eioctrica1 power on the section being examined, arid temperatures of
heat carriers at, the end of the section are determined. These teým-

peratuires serve as boundary conditi-ons for Calculation of)i thle second

section of the TEG with values of properties of the mater ials cor-

rected for the new tem-rperature mode. The calculation of the third

sect ion is similarly conducted, and so on.

Let us note that for calculation of the couriterfio~w design of

the TEG over the sections, it is niecessary 11o introduce a chanige into

the value of the integrationi conistants, appearing in the equations

I I) Ini this case these coristanits arc determined from boundary con-

ditiois, ini the same cross sectiorn of the TEG (wheni m=O), i.e. , accord-

J rig to maximal va!,ies of temperatures of the hot anid coýld heat car-

rie:rs. i%1:ve , i istead of' ( 12) we have

A + i +-IU. I YY~ + f (12)

Coirres;ponding chaniges are introduced irnto the calculation~ form-

ui (14) For calculation of t~he cucurrerit flo)w scheme of' the I'EG

It heý zetions-,; all the ;an.ralytical expressions obtainled ea-rlier

rerrainj 10 force.

£;yiriýbcl : I - temperature of heat. carrier, OK; t - temperature ofA
ju-ictiori oif thet moelemerit, OK; Qn - specific thermal emf of thermo-

clcmcrnt., V/dog, x-specific he,.at of Qhermroelerenet, W/mndeg; -

-pecific electrical resistanc of thermocelement, ohms-in: z - pararn.-

et~er of figure, of merit of' thrnolmri,1dog; k - specific thermal

resstaceof 1"therniojcoritact packet" between the heat, ca-r jer arid

jurnctiuri of' th, therrniel emernt, ,mý' dig/N; C -. mrass flow rate of the

h(eat carr ier, kg /',; e - spiedj ti'c hca*. if heat carr ier , J/kg-deg; h-6

he icgloit(of thermuelurnient, mn; ST) arid SrI - areas of cross section of

byace of' thermoulererit', inm F h tr-rroconitact area, in; F., - total.- -

theýrrm o cour t ac t a rea o)f I EG, in2 ; j - ce1uect r i ca J cu r renit, d e ns ity , A /m2~

7j _ averageC outp)ut v, ltage referred to a single thenrnuelernerit, V; -16

average. emf of s irqgli hrmclme V ; P - output elecri.1calI power.1

oA' TEG, W; Q (. - thjermrial power corisumed by the(- thermr~ogeurierator-, W;

W),- thermrjaj f)OW(-V1erremoved frorri thermogencratur W; 71 - -f'f e(2Iere(-y

of the hPIDgreao

Suber pt: -hot;Y cold; p posi tive- branich; r, -r negti ve



Supers3cripts: ex -input, of heat, carrier; Bux -output of heai.

rcarritsr. The output. narameter-s of the TEG for the case of coc,,krrerlt
fl-ow are deronaed by an az'..er isk.

Rlece ived
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